Fred's Flow (Canada) and Murphy Well (Australia): thick komatiitic lava flows with contrasting compositions, emplacement mechanisms and water contents by Siegel, Coralie et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Siegel, Coralie, Arndt, Nicholas, Barnes, Stephen, Henriot, Anne-Laure,
Haenecour, Pierre, Debaille, Vinciane, & Mattielli, Nadine
(2014)
Fred’s Flow (Canada) and Murphy Well (Australia) : thick komatiitic lava
flows with contrasting compositions, emplacement mechanisms and water
contents.
Contributions to Mineralogy and Petrology, 168(1084).
This file was downloaded from: http://eprints.qut.edu.au/78796/
c© Copyright 2014 Springer
The final publication is available at Springer via
http://dx.doi.org/10.1007/s00410-014-1084-5.
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://doi.org/10.1007/s00410-014-1084-5
1 
 
Fred’s Flow (Canada) and Murphy Well (Australia): thick komatiitic lava flows with contrasting 
compositions, emplacement mechanisms and water contents.  
 
Coralie Siégel1,2, Nicholas Arndt1, Stephen Barnes3, Anne-Laure Henriot1,4, Pierre Haenecour5,6, Vinciane 
Debaille5, Nadine Mattielli5 
 
1 – ISTerre, UMR5065 CNRS, University of Grenoble, 1381 rue de la Piscine, 38400 St Martin d’Hères, France 
coralie_s@hotmail.fr 
2 – Earth, Environmental and Biological Sciences, Queensland University of Technology, GPO box 2434, 
Gardens Point Campus, 2 George St, Brisbane, Queensland 4000, Australia c.siegel@qut.edu.au 
3 – CSIRO Earth Science and Resource Engineering, 26 Dick Perry Ave., Kensington 6151, Australia 
4 – Département des Géosciences, Université Henri Poincaré Nancy 1, BP 70239, Boulevard des Aiguillettes, 
54506 Vandoevre-lès-Nancy, France 
5 – Laboratoire G-Time, Université Libre de Bruxelles, Campus du Solbosch, CP 160/02, avenue, F.D. 
Roosevelt 50, 1050 Bruxelles, Belgium 
6 – Department of Earth and Planetary Sciences, Washington University, Campus Box 1169, 1 Brookings Dr 
Saint Louis MO 63130-4899, United States of America 
 
ABSTRACT 
Two Archaean komatiitic flows, Fred's Flow in Canada and the Murphy Well Flow in Australia, have 
similar thicknesses (120 m and 160 m) but very different compositions and internal structures. Their contrasting 
differentiation profiles are keys to determine the cooling and crystallisation mechanisms that operated during 
the eruption of Archaean ultramafic lavas. 
Fred's Flow is the type example of a thick komatiitic basalt flow. It is strongly differentiated and 
consists of a succession of layers with contrasting textures and compositions. The layering is readily explained 
by the accumulation of olivine and pyroxene in a lower cumulate layer and by evolution of the liquid 
composition during downward growth of spinifex-textured rocks within the upper crust. The magmas that 
erupted to form Fred’s Flow had variable compositions, ranging from 12 to 20 wt% MgO, and phenocryst 
contents from 0 to 20 vol%. The flow was emplaced by two pulses. A first ~20-m-thick pulse was followed by 
another more voluminous but less magnesian pulse that inflated the flow to its present 120 m thickness. 
Following the second pulse, the flow crystallised in a closed-system and differentiated into cumulates 
containing 30-38 wt% MgO and a residual gabbroic layer with only 6 wt% MgO.  
The Murphy Well Flow, in contrast, has a remarkably uniform composition throughout. It comprises a 
20-m-thick upper layer of fine-grained dendritic olivine and 2-5 vol% amygdales, a 110-120 m intermediate 
layer of olivine porphyry, and a 20-30 m basal layer of olivine orthocumulate. Throughout the flow, MgO 
contents vary little, from only 30 to 33 wt%, except for the slightly more magnesian basal layer (38-40 wt%). 
The uniform composition of the flow and dendritic olivine habits in the upper 20 m point to rapid cooling of a 
highly magnesian liquid with a composition like that of the bulk of the flow. Under equilibrium conditions this 
liquid should have crystallized olivine with the composition Fo94.9, but the most magnesian composition 
measured by electron microprobe in samples from the flow is Fo92.9. To explain these features, we propose that 
the parental liquid contained around 32 wt% MgO and 3wt% H2O. This liquid degassed during the eruption, 
creating a supercooled liquid that solidified quickly and crystallized olivine with non-equilibrium textures and 
compositions.  
 
KEY WORDS: Komatiite, Archean, quench olivine, degassing, Fred’s Flow, Murphy Well 
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INTRODUCTION 
  
 Komatiites are distinctive, extremely Mg-rich lavas that are the signature volcanic rock of Archaean 
greenstone terranes. Komatiite flows show a wide diversity in morphology, thickness, grain size and degree of 
internal differentiation (Arndt et al., 2008; Donaldson, 1982). The reasons for this high degree of variability 
within lava flows of broadly similar bulk composition have been widely discussed (e.g., Arndt et al., 1979, 
2008; Hill et al., 1995; Lesher et al., 1984; Barnes et al., 1988), but many questions remain unresolved. The 
diversity of komatiites provides a key that helps us to understand the volcanic processes that operated in 
Archaean greenstone terranes and unravel the origin of komatiite-associated Ni-Cu-PGE deposits (Arndt et al., 
2008). This contribution considers two markedly contrasting thick komatiite flows, one showing a high degree 
of internal differentiation and the other hardly any, and considers possible explanations for the difference. 
Fred’s Flow is located in northern part of Munro Township in the Abitibi greenstone belt of Ontario, 
50 km north of Kirkland Lake (Fig. 1a). It is 2.7 Ga old and about 120 m thick at its thickest part. As shown in 
Figure 2a, it is differentiated into an olivine ± pyroxene cumulate lower portion and a more evolved picritic to 
gabbroic upper portion. A detailed description of this unit was given by Arndt (1977) and its chemical 
compositions and origin were discussed and interpreted by Arndt and Nesbitt (1982, 1984). In this paper, we 
present new descriptions and chemical analyses of core from a short diamond-drill hole that penetrated the 
upper 20 m of the flow, from the upper breccias into the gabbroic layer, as well as additional analyses of 
samples throughout the flow. This information helps to understand how this unit, which is typical of thick 
differentiated komatiitic flows in many Archean greenstone belts, cooled, crystallized and differentiated. 
Broadly speaking, the evolution of the unit conforms to a model of emplacement of crystal-bearing lava 
followed by downward growth of spinifex-textured lava within the upper crust, accompanied by settling of 
olivine and then pyroxene to form the cumulate lower layers. Isochemical solidification of the residual liquid to 
form the internal gabbroic layer of the flow. This conventional model of progressive cooling and differentiation 
provides a striking counterpoint to the second flow that we studied, the remarkably homogeneous Murphy Well 
Flow. 
 Murphy Well is located on Yundamindra Station, 185 km North-Northeast of Kalgoorlie in the eastern 
portion of the Yilgarn craton of Western Australia (Fig. 1b and Supplementary material 1). Lewis and Williams 
(1973) described and interpreted the flow in an insightful paper published four decades ago, and they recognised 
many of its unusual features. Although the unit is unusually thick, at 160 m, it shows remarkably little internal 
differentiation. It comprises two main layers, an upper 20-m-thick layer of amygdaloidal quench-textured lava 
(the amygdaloidal zone) and a lower 140-m-thick layer of olivine porphyry or orthocumulate which is divided 
into a transition zone, a porphyritic peridotite and a basal zone. Lewis and Williams (1973), and a decade later 
Donaldson (1982), recognised the difficulties in explaining the eruption and cooling history of the Murphy Well 
Flow. Because of the low viscosity of komatiitic (ultramafic) liquid, any grains of olivine would settle rapidly. In 
a flow as thick as the Murphy Well unit, the cooling time should have been sufficiently long that crystals could 
have nucleated, grown and settled downward in the liquid column as cooling proceeded, thereby producing 
strong internal differentiation, as is observed in Fred’s Flow.  
As will be seen in the following sections, the parental liquid of Fred’s Flow was far less magnesian than 
that of the Murphy Well Flow. These two flows were selected for comparison due to their similar thicknesses 
and importantly because they exhibit contrasting differentiation profiles. As illustrated in Supplementary 
material 2, other thick komatiite flows indicate that the remarkably homogeneous unit of Murphy Well is 
unusual and that differentiation, although weak for many thick units, is the norm in thick komatiitic units. In 
addition, given that the rate of crystal liquid segregation in fractionating magmas depends on viscosity of the 
magma, which in turn depends on both MgO content and temperature, differentiation in the cooler, less 
magnesian Fred’s Flow should, other factors being equal, have been less pronounced than in the hotter, more 
magnesian Murphy Well Flow. 
We re-sampled the Murphy Well Flow in 2006 and report here the results of new major- and trace-
element analyses (Supplementary materials 3 and 4). We then use both Lewis and Williams’s (1973) 
observations and our new data to develop a new model for the origin of this highly unusual flow. In particular, 
we focus on the exact nature, composition and temperature of the parental liquid and on the reason why it 
underwent virtually no internal differentiation as it cooled and solidified.  
 
SAMPLING AND ANALYTICAL METHODS 
 Thin sections from both flows were studied and descriptions are reported in Supplementary materials 5 and 
6.  Olivine phenocrysts were analysed by electron microprobe in four samples from the Murphy Well Flow. 
Representative samples were crushed in a low-Cr steel jaw crusher and powdered (<80 µm) in an agate mill for 
chemical analyses. 
Microprobe analyses were done with the Cameca SX50 instrument at CSIRO Exploration and Mining in 
Perth using the same procedure as Barnes (1998). The new olivine compositions are reported in Supplementary 
material 7. All elements were analysed by wavelength-dispersive spectrometry using standard procedures on the 
3 
 
Cameca SX50 instrument at CSIRO Exploration and Mining, Floreat Park, Western Australia. The elements Si, 
Ti, Al, Fe, Mg, Mn and Ca were analysed under the following conditions: accelerating voltage 30 kV, beam 
current 30 nA, using stepwise peak integration and background stripping, and matrix corrected for Z, A and F 
effects using the WANU-SX software package from Ware (1981) and Ware et al. (1988). The major elements 
were counted for 20 s, and minor elements Ti and Mn for 80 s each. ‘Trace’ elements Ni, Co and V were 
analysed using the ‘CSIROTrace’ procedure (Robinson and Graham, 1992), under conditions of 30 kV 
accelerating voltage and 450 nA, with count times of 50–100 s, and offline ZAF correction. Platinum group 
element concentrations have previously been reported by Barnes and Fiorentini (2008). 
Major elements for Fred’s Flow were analysed by XRF with standard procedures at the Institute of 
Geosciences at Mainz, Germany. These data are reported together with analyses previously published by Arndt 
and Nesbitt (1982) in Supplementary material 3. The major elements for Murphy Well Flow were measured by 
the CRPG Nancy using an ICP-AES Jobin-Yvon JY 70. The analytical method is given at http://www.crpg.cnrs-
nancy.fr/SARM/index.html.  
Trace elements were analysed using an Agilent 7500CE quadripole ICP-MS at the University of Grenoble 
following the method of Chauvel et al. (2010). 100 mg of sample were dissolved in steel-jacketed Teflon bombs 
in a mixture of ultrapure concentrated HClO4 and distilled 24N HF for five days at 140ºC. The fluorides formed 
were broken down in distilled 7N HNO3 and evaporated. After addition of the spike, the samples were dissolved 
in distilled 2% HNO3 + distilled HF. Accuracy is better than 5% and, for most elements including REE, 
detection limits are below 0.01 ppm. The new trace element analyses are reported in Supplementary material 4. 
 
FRED’S FLOW 
 The core that is the focus in this paper was drilled in 1983 through the upper 20 m of Fred’s Flow. As 
seen in the detailed descriptions of the lithological units (Supplementary material 8), the core penetrated and 
sampled the upper breccia, several units of olivine and pyroxene spinifex, and 6 m of gabbro. The structure and 
lithology of the drill core indicates that the stratigraphy of the flow is more complicated than was apparent in 
surface outcrops where the flow top breccia is followed downwards by a layer of random olivine spinifex and a 
layer of pyroxene spinifex. Notable in the core is an alternation of thin subunits of breccia and aphanitic 
massive lava in the uppermost 3-4 m, and broader-scale alternation of olivine and pyroxene spinifex textured 
lava with contrasting grain size and grain orientation in the following 5 m (Supplementary material 8). The 
following descriptions summarize the petrography of samples from the drill core and from surface outcrops. 
The flowtop breccia (0 to 1.2 m) (Fig. 3) is a fine-grained rock containing many different types of fine-
grained fragments whose textures and mineralogy indicate a range of cooling conditions and lava compositions. 
Some fragments have well-developed random olivine spinifex texture (Fig. 3c) whereas others were totally 
glassy except for small chromite crystals that acted as centres of devitrification (Fig. 3b). Most other fragments 
contain olivine phenocrysts, either solid and euhedral (polyhedral) (Fig. 3f, g) or moderately to highly skeletal 
(Fig. 3d, e). (All olivine is totally replaced by chlorite). The proportion of olivine phenocrysts varies from 
essentially zero (Figs. 3b-d) to a maximum of about 20 vol% in a sample from the layer of aphanitic lava that 
underlies the flowtop breccia (1.2 to 1.5 m) (Fig. 3g). In other fragments in the breccia (Fig. 3h), the phenocryst 
phases are clinopyroxene and probable orthopyroxene (now replaced by chlorite). Remarkable deformation 
features in some samples (Fig. 3a) indicate that the breccia was soft and ductile during emplacement of the lava.  
The interval from 1.2 to 3.6 m, i.e. from the base of the flowtop breccia to the top of the spinifex zone, 
comprises and alternation of aphanitic massive lavas and breccias. The layers of aphanitic lava contain a variable 
proportion (15 to 25 vol%) of olivine, or in some cases clinopyroxene phenocrysts, in a matrix of acicular 
pyroxene and altered glass. 
The interval from 3.6 to 8.2 m comprises a series of decimetre-thick layers with alternating random and 
platy olivine spinifex texture (Fig. 3i). At a depth of 3.54 m there is a thin (8 cm) layer of pyroxene spinifex and 
below 8.2 m, pyroxene replaces olivine as the dominant mineral. Classic komatiite flows crystallise olivine 
spinifex prior the downward crystallisation of pyroxene spinifex, hence the pyroxene spinifex layer is generally 
located beneath the olivine spinifex layer. The layer of ~8 cm pyroxene spinifex above the olivine spinifex is 
consequently unusual. Additionally, there is an alternating sequence of platy olivine spinifex and random olivine 
spinifex layer between 3.6 and 8.2 m. Again this alternation is unusual as the upper portion of the spinifex zone 
of a classic differentiated komatiite profile exhibit randomly oriented crystals, and the lower portion exhibit platy 
olivines crystals that are parallel from each other. Pyroxene spinifex lava persists to a depth of about 13.4 m 
where, with a decrease in the length and abundance of pyroxene crystals and an increase in the abundance and 
size of plagioclase grains, the rock acquires a gabbroic composition and texture (Supplementary material 8).  
The gabbro and lower ultramafic cumulates are described in detail by Arndt (1977). The forsterite 
content of cumulus crystals appears to change progressively upwards through the olivine cumulate, from a 
maximum of Fo90 near the base of the layer, to Fo89 at the top. 
 
Chemical compositions 
The large variation in composition of the individual units of Fred’s Flow has been described in previous 
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publications (Arndt and Nesbitt, 1982; Arndt and Nesbitt, 1984) and is discussed here mainly to emphasize the 
contrast with the virtually undifferentiated Murphy Well Flow.  
The range in MgO contents of Fred’s Flow is remarkable, from 38 wt% in the lower olivine cumulates 
to close to 6 wt% in the gabbros (Fig. 2a). The flow-top breccias and uppermost spinifex lavas, whose 
compositions presumably are close to those of the erupted lavas, have MgO contents in whole rocks between 15 
and 20 wt%. In the more magnesian rocks of the flowtop and in lower cumulate zones, the variation of MgO 
and most other elements is consistent with the addition or removal of olivine plus minor chromite. In rocks with 
less than 15 wt% MgO, calcic pyroxene has fractionated (Fig. 4); this composition is more magnesian than 
would be predicted from phase relations, leading Bouquain et al. (2009) to suggest that this may be due to 
chemical diffusion within the partially crystallised upper crust of the flow. 
New trace-element analyses are shown in Figure 5 and listed in Supplementary material 4. Like 
previously reported analyses (e.g. Arndt and Nesbitt, 1984), the samples are moderately depleted in 
incompatible trace elements and resemble other Al-undepleted (Munro-type) komatiites of the Abitibi belt. The 
large variation in the abundances of trace elements, from low in the olivine cumulate to a maximum in the 
gabbro, reflects the strong differentiation that took place during cooling of the unit. 
Cooling and crystallisation of the flow 
Arndt (1977) explained the strong differentiation of the flow by invoking the emplacement of lava that consisted 
of about 20 vol% olivine phenocrysts in a liquid containing 20 wt% MgO. During eruption, emplacement, or 
following ponding of the lava, the olivine phenocrysts settled to the base of the flow where they were joined by 
olivine that had crystallized after emplacement. At the same time, the crust solidified downwards from the upper 
border, producing layers of spinifex-textured lava whose changing compositions traced that of the differentiating 
liquid. Finally the residual liquid that accumulated between the crust and the cumulate solidified to gabbro. The 
differentiation involved fractional crystallization and accumulation of various minerals, as is demonstrated by 
the downward progression of textures and mineralogy, from olivine to pyroxene in the upper spinifex units, 
broadly matched by a progression from cumulus olivine to pyroxene upwards through the cumulate layer (Fig. 
2a).  
 
Compositions and textures of lavas in Fred’s Flow 
The lavas present at the initial stages of eruption of Fred’s Flow had highly variable compositions. An initial 
indication of the range of liquid compositions comes from the textures and mineralogy of fragments in the 
breccia. For example, the texture and proportion of olivine in the spinifex-textured fragment in the breccia 
illustrated in Figures 3a and c indicates an MgO content greater than 20 wt%, but other fragments clearly 
formed from liquids with far less magnesian compositions. Kinzler and Grove (1985) showed experimentally 
that pyroxene crystallizes only in liquids containing less than about 12 wt% MgO, and therefore the liquid that 
produced the pyroxene-phyric lava in the fragment illustrated in Figure 3h must have had a magnesian basaltic 
composition. This variation in liquid compositions is supported by whole-rock compositions (Supplementary 
material 3). Sample P9-111 from the aphanitic lava underlying the breccia contains 19.3 wt% MgO but sample 
P9-223 from the top of the upper breccia unit contains only 14.7 wt% MgO. 
Additional evidence of diverse compositions comes from layers of olivine and pyroxene spinifex-
textured flow-top lava that are mapped at locations deep in the olivine cumulate of Fred’s Flow, only about 20 
m from the base (Arndt 1977). These layers are interpreted as relicts from an initial 20m-thick pulse of lava that 
was engulfed by the main eruption (Supplementary material 9). These relicts contain pyroxene spinifex lava 
with up to 16.4 wt% MgO, more magnesian than other pyroxene spinifex in the upper part of the flow. Diverse 
compositions are also recorded in the spinifex zone (3.5 to ~12 m) where pyroxene spinifex at ~8.5 m depth 
(M639) is more magnesian rich than the pyroxene spinifex located at ~3.6 m (M635). 
The olivine phenocrysts in the breccia and aphanitic lava have two forms – solid polyhedral and 
skeletal. The former probably crystallized during slow cooling before eruption, the latter during more rapid 
cooling following eruption. Evidence of two stages of olivine crystallization is seen in Figure 3g which 
illustrates the texture in sample P9-111 from the aphanitic lava underlying the breccia. This samples contains 
two populations of olivine: 1) large (0.2 to 0.5mm) polyhedral solid to slightly skeletal phenocrysts, and 2) 
much smaller, rounded grains dispersed through the matrix. Renner et al. (1994) attributed similar textures in 
komatiites from Zimbabwe to two stages of crystallization; the first during slow cooling before eruption, which 
gave rise to the larger phenocrysts, and a second during rapid cooling in flow margins which led to the 
nucleation and crystallization of the abundant small crystals in the matrix. From mass balance, assuming 20 
wt% MgO in the liquid and 48 wt% MgO in the olivine, we calculate that about 22 vol% olivine can crystallize 
before reaching the pyroxene liquidus at 12 wt% MgO. Some of this olivine will be added as rims around 
phenocrysts, another fraction formed the small matrix grains and some MgO would have remained occult in the 
glass. Using the Mg-Fe partition coefficient of 0.34 from Matzen et al. (2011) and assuming that Fe3+ was 15% 
of total iron giving an FeO content of 10.0%, we calculate that a liquid with the composition of sample P9-111 
(19.3 wt% MgO) should have crystallized olivine with the composition Fo91 (Table 1). If the partition 
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coefficient or the fraction of Fe3+ were lower, the calculated Fo contents would be higher. The most magnesian 
olivine analysed in the flow has the composition Fo90, slightly less than the minimum calculated value and 
indicating, like the thin section (Fig. 3h) that the sample contains a small proportion of olivine phenocrysts. A 
liquid in equilibrium with Fo90 contains about 16 wt% MgO (assuming Kd=0.34 and Fe3+ was 15% of total 
iron giving FeO content of 9.2%). Using this value and mass balance, we estimate that the sample contained 
about 10 vol% olivine phenocrysts. 
 
 
Mode of eruption of mafic and ultramafic lavas 
In the past two decades it has been realized that most mafic and ultramafic lava flows do not erupt as a 
single high-volume pulse of lava but are emplaced more gradually through what is known as the inflation 
process. The front of the flow initially is thin but the injection of new lava beneath its elastic skin slowly 
inflates the flow, gradually increasing its thickness (Arndt 1982; Hill et al. 1995; Hill & Perring; 1996, Self et 
al. 1996; Dann & Grove 2007). At times, later pulses of lava engulf portions of the initial crust which become 
trapped in the lower part of the flow. This appears to have occurred during the eruption of Fred’s Flow. Our 
interpretation is that a thin precursor erupted as a liquid containing about 16 wt% MgO and formed a ca. 20-m-
thick unit (value estimated based on the thickness of the raft of spinifex lava trapped in the cumulate and the 
position of this raft above the base of the flow; Supplementary material 9). This flow crystallized as olivine and 
pyroxene spinifex lavas that now are preserved as rafts deep within the olivine cumulate. More voluminous 
eruptions of slightly less magnesian liquid were then emplaced beneath the visco-elastic crust of the precursor 
and crystallized in an essentially closed system to produce the present 120-m-thick differentiated unit. We 
conclude that the lavas that erupted to form Fred’s Flow had variable compositions: their olivine phenocryst 
contents varied between 0 and 20 vol% and the MgO contents of the liquids varied from 12 to 20 wt%. 
 
 
 Solidification and Differentiation 
During and following eruption, the lavas differentiated to produce the layered structure that characterises Fred’s 
Flow. From the initial liquid, a combination of settling of phenocrysts, crystallisation of new phases, and 
evolution of the composition of the residual liquid gave the contrasting units illustrated in Figure 2a and b. 
Cooling and solidification of the flow first led to the formation of flow-top units, i.e., a flowtop breccia and a 
chilled margin, and a lower chilled margin. As cooling proceeded, olivine and pyroxene spinifex crystallised 
downward in the presence of a thermal gradient within the flow (Faure et al. 2006). The olivine cumulate 
resulted in part from settling of phenocrysts but an upward decrease in Fo contents indicates that the 
crystallization and settling of new olivine grains also contributed to the growth of this layer. When the MgO 
content of the liquid in the interior of the flow had descended to about 15 wt% MgO (Fig. 4), ortho- and 
clinopyroxene crystallized and accumulated at the top of the cumulate zone (Bouquain et al. 2009). Finally the 
evolved liquid solidified to gabbro. 
 
Modelling the crystallisation of Fred’s Flow  
The cooling, solidification and differentiation of Fred’s Flow was modelled using the Petrolog 3.0 program of 
Danyushevsky and Plechov (2011). The flow-top breccia sample P9-111 was taken to represent the parental 
magma. This sample contains 19.3 wt% MgO, corresponding to the bulk composition of ca. 10 vol% olivine 
phenocrysts in a liquid with 16 wt% MgO (Table 2). The target was set at 8 wt% MgO in the magma; and 
partition coefficients were taken from Ariskin et al. (1993) for olivine, clinopyroxene and orthopyroxene.  As 
seen in Table 3, the modelling predicts that a liquid with 16 wt% MgO would crystallize about 17.2 vol% 
olivine (Fo90-89), 14.1 vol% clinopyroxene and 1.3 vol% orthopyroxene. Adding the initial 10 vol% olivine from 
the phenocrysts gives a total olivine content of 27 vol%. 
The olivine cumulate of Fred’s Flow is 50 m thick (about 42% of the 120 m total thickness) and it 
contains 60 vol% olivine. From Table 3 it is seen that the olivine in this unit constitutes about 25 vol% of the 
total volume of the flow. The flow-top units and the lower marginal zone add another 3 vol% to bring the total 
to 28 vol%. This is about the same as the 27 vol% olivine predicted by the Petrolog modelling, indicating that to 
a first approximation, the major part of the flow can be simulated by crystallization in a closed system.  
In contrast, the pyroxene cumulate is 8 m thick and the fraction of pyroxene that it contains is only 4% 
of the total volume of the flow, which in addition with the pyroxene spinifex and the lower marginal zone gives 
~6.8 vol % clinopyroxene in the flow, far less than the 14 vol% predicted by the modelling. In addition, there 
are some notable differences in the types of pyroxenes and the sequences in which they crystallize. In the 
cumulates, the progression from olivine through to clinopyroxene corresponds broadly to what would be 
predicted from experimental studies (although the presence of orthopyroxene is not readily explained). In 
contrast, changes in the bulk compositions of the rocks indicate that in the spinifex layers, pyroxene crystallizes 
far sooner than predicted by the Petrolog modelling (see also Campbell and Arndt, 1982; Kinzler and Grove, 
1985) and pigeonite appears in the place of augite. These differences are no doubt due in part to the non-
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equilibrium conditions that prevailed in the downward-growing crust of the flow, but many details remain to be 
resolved, as discussed by Bouquain et al. (2009). 
 
MURPHY WELL 
The textures and compositions of the Murphy Well Flow are summarized in Figure 2b and Supplementary 
materials 3, 4 and 6. Its upper contact is not exposed, and this introduces some uncertainty as to whether the 
unit is a flow or a sill. For reasons given later in the paper we believe that the unit is extrusive and will refer to it 
as the Murphy Well Flow. 
In the interval from immediately below the upper contact to a depth of about 20 m (amygdaloidal zone), the 
rock contains strikingly complex and delicate dendritic olivine crystals and minor chromite in a sparse matrix of 
clinopyroxene and altered glass. The remarkable textures of the dendritic and plumous olivines are illustrated in 
Figures 6c, d, e and f, and detailed descriptions are given in Supplementary material 6. The size of the olivine 
grains increases with depth, from 0.5 mm to 6 mm, but the proportion of olivine, as determined by inspection of 
thin sections and by bulk-rock analyses, remains constant: from the uppermost sample (top of the flow) to the 
base of the upper porphyritic unit (~130 m deep), the MgO content varies irregularly between only 31 to 33 
wt%. Another important feature of the amygdaloidal and transition zones is the presence of relatively abundant 
(up to 5 vol%) and large (up to 10 mm) amygdales like the one illustrated in Figures 6a, b. Below the transition 
zone, the porphyritic peridotite include ~60 vol% polyhedral olivine with composition Fo93 and MgO contents 
between 33 and 35 wt% MgO (Lewis and Williams, 1973). The lowermost 20 metres of the flow (the basal 
zone) are made up of olivine orthocumulate with ~70 vol% olivine and with a texture similar to that of Fred’s 
Flow. Overall, Murphy Well Flow show no internal differentiation – both the bulk rock composition and the Fo 
contents of olivine remain essentially constant, at 30-33% and Fo 93 respectively, from the top to the base of 
the cumulate layer (excluding the basal zone). 
 
Chemical compositions of the Murphy Well Flow 
Our analyses of 8 samples for major elements and 3 samples for trace elements are given in Supplementary 
materials 3 and 4. The major element data match the analyses of Lewis and Williams (1973) and Barnes and 
Fiorentini (2008), and confirm the remarkable homogeneity of the unit.  
Trace element analyses have not previously been reported for the Murphy Well Flow. In the three 
analyses obtained at ISTerre, Grenoble, using the ICPMS method described by Chauvel et al. (2010) 
(Supplementary material 4; Fig. 5), only the mobile elements such as Cs, Rb, Ba, Sr and Pb vary widely. With 
the exception of one sample in which the LREE are slightly enriched, perhaps due to alteration, the spectra of 
all four samples are remarkably similar. These samples were collected over a 26 m depth interval in the upper 
part of the flow, underlining its extreme homogeneity. All samples display slight depletion of the more 
incompatible immobile elements and thus display the classic spectrum of a 2.7 Ga Al-undepleted (Munro-type) 
komatiite. The levels of the REE are very low, similar to those of the primitive mantle. These levels are lower 
than those of Fred’s Flow (Fig. 5) and other late-Archean komatiites (e.g. Arndt and Nesbitt, 1984), and are 
consistent with the unusually high MgO contents of the samples from the Murphy Well Flow. 
 
Composition, temperature and cooling history of the parental liquid 
Donaldson (1982) identified several paradoxical features of the flow. The dendritic habits of the olivine grains 
resemble those produced by very rapid cooling of ultramafic liquids in experimental charges, and the 
persistence of these textures through the upper 20 m of the flow, in addition with the remarkable homogeneous 
compositions throughout the flow (e.g. 30-33 wt% MgO) is taken as evidence that the entire unit crystallized 
rapidly. The plumose morphologies of the olivines in Figures 6c, d, e and f correspond, for example, with those 
produced by Donaldson (1976) at cooling rates above 100°C/h. In a thick lava flow, the cooling rate should be 
limited, however, by the conductive transfer of heat through the upper crust of the flow: at a depth of 10 m, the 
cooling rate can be calculated to be less than 1°C/h. Another paradox is the very uniform composition and lack 
of differentiation in the flow. If the silicate liquid had a composition like that of the rocks throughout the flow, it 
should have been very hot and very fluid, and any crystallizing olivine should have settled rapidly to the base of 
the unit. The textures also resemble those produced experimentally during rapid cooling of ultramafic melts, 
e.g. Donaldson (1976, 1982); Faure et al. (2003).  
Given that the flow is quench-textured (upper 20 m) and has a uniform composition throughout, it is 
reasonable to assume that it formed from a homogeneous liquid with a composition like the average 
composition of the upper 80-85% of the flow (all but the lower olivine cumulate, i.e. the basal zone). On this 
basis, the liquid would have contained about 32 wt% MgO, making it one of the most magnesian liquids ever 
reported. If anhydrous, it would also have been one of the hottest, with a temperature calculated using Nisbet’s 
(1982) equation (T°C = MgO*20 + 1000) of 1660°C.  
Our estimate of liquid composition can be checked using Mg-Fe partitioning and the compositions of 
olivines in the flow. We measured the compositions of 59 polyhedral olivines from 4 rock samples of the upper 
22 m of the flow, using an electron probe microanalyzer at the CSIRO (Perth, Australia) and representative data 
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are given in Supplementary material 7. For each olivine, a minimum of 10 analyses were performed on relic 
cores of partially serpentinised grains. The data are very uniform and therefore suggest that the olivines are not 
zoned. The most magnesian olivine analysed has the composition Fo92.9. This value is far less than that of 
olivine in equilibrium with the highly magnesian liquid discussed above (see Table 1): taking the values 32 wt% 
MgO and 11.8 wt% Fe2O3 (Table 1), we calculated forsterite contents between 94.6 and 95.5, depending on the 
assumed partition coefficient (see Table 1) and proportion of ferric iron. A liquid in equilibrium with olivine 
with the composition Fo92.9 contains about only 23 wt% MgO, far less than the MgO content in any part of the 
flow, including the upper portions (amygdaloidal and transition zones) where textures indicate rapid, in-situ 
crystallization. 
A possible explanation for these discrepancies is that the 32 wt% MgO measured in samples from the 
upper part of the flow was not the MgO content of the liquid. Instead, the lava may have contained olivine 
phenocrysts in a liquid with a lower MgO content; i.e. 23 wt% for olivine with the composition Fo92.9. We 
dismiss this possibility for two reasons. First, a large amount of phenocrystic olivine is required to account for 
the difference between a liquid with 23 wt% MgO and lava containing 32 wt% MgO. If the composition of the 
olivine phenocrysts was Fo92.9, from mass balance we calculate that about 30 vol% excess olivine is required. 
There is no textural evidence that anything more than a few percent of excess phenocrystic olivine was present 
within the delicate skeletal-textured lava that makes up the upper part of the unit (cf. Figure 6–c, d, e and f). 
Second, given the low viscosity of a high-temperature liquid (0.04 Pa s for a magma with 33 wt% MgO cf. 
~0.89 Pa s. for a magma with 20 wt% MgO), any phenocryst should have settled rapidly to produce a layered 
structure like that of Fred’s Flow. The fact that the latter flow is strongly zoned, even though its parental liquid 
was less magnesian, and therefore cooler and more viscous than the Murphy Well Flow, provides evidence of 
the efficiency of crystal settling in thick komatiitic flows and highlights the paradoxical character of the Murphy 
Well Flow. 
Lewis and Williams (1973) attributed the remarkable homogeneity of Murphy Well Flow to rapid 
cooling of a highly magnesian and strongly undercooled liquid. Such a liquid could conceivably crystallize 
sufficiently rapidly to produce the quench textures and the absence of differentiation that characterizes the 
Murphy Well Flow. The problem, however, is to explain how the undercooling came about. Donaldson (1976), 
among others, has shown that highly magnesian liquids start to crystallize at temperatures only slightly below 
the liquidus: in other words they quench easily and are difficult to undercool. In addition, it is difficult to 
imagine how simple heat loss could have produced a liquid that was sufficiently undercooled that it could 
crystallize entirely and rapidly. Normally the latent heat released by crystallization would drive the temperature 
in the interior of the flow back towards the liquidus, decreasing the rate of crystallization. Slower cooling would 
then permit crystal settling and differentiation.  
 
 
Crystallization caused by degassing 
The key to these enigmas may be the amygdales, which are dominantly present in the amygdaloidal and 
transition zones. These structures provide evidence that the liquid was initially rich in a volatile phase, most 
probably water, and that these volatiles escaped the silicate liquid as it cooled. Assuming MW4 as the initial 
liquid composition, we use COMAGMAT 5.2 (Ariskin, 1999) to determine the liquidus temperature at various 
water contents. As shown schematically in Figure 7, a sudden loss of volatiles from the magma produces 
significant undercooling. The silicate liquid finds itself in the middle of the loop between liquidus and solidus 
and it begins to crystallize olivine with a composition that is far poorer in Fo than the equilibrium olivine. In 
other words, a degassed liquid with 32 wt% MgO could crystallize olivine with the composition Fo92.9 rather 
than Fo94.9.  
We modelled this process assuming that the lava initially contained 3 wt% water and that its presence 
decreased the liquidus temperature by 130°C (Figure 7). We used the simple binary phase diagram to represent 
the komatiite liquid and established the liquidus curve and the trajectory of the undercooled liquid within 
temperature vs crystal fraction space.  
Figure 8 shows the results of the modelling. The two liquidus curves show how the temperature changes 
as olivine crystallizes. If we assume that degassing was 100% efficient, as is reasonable given to low solubility 
of H2O at low pressure, then the anhydrous liquidus best represents the equilibrium situation. The line labelled 
“undercooling without latent heat loss” shows how the temperature increases when the release of latent heat of 
crystallization is taken into account. This line intersects the anhydrous liquidus after only 14% of crystallization, 
indicating that quench crystallization alone can account for the solidification of only a small fraction of the flow. 
At 14% solidification, the olivine would be free to settle and the flow should thereafter differentiate internally, as 
was the case in Fred’s Flow. What is required is another process that increased the rate of heat loss from the 
flow.  
The dominant mechanism driving lava cooling is the combination of radiative and convective heat 
transfer through the flow surface to the overlying air or water. Both types of heat fluxes are strongly dependent 
upon the temperature of the top of the flow. Crust free subaerial flows, such as those seen in some high-volume 
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Hawaiian lava channel eruptions (e.g. the 1984 eruption of Mauna Loa) have red-hot lava in direct contact with 
the atmosphere, while lower volume tube-fed flows are covered by much cooler solid crusts. Thus a major 
control on overall cooling rate is whether or not a crust forms on the flow (Griffiths et al. 2003; Robertson and 
Kerr 2012).  
To consider whether differing amounts of crust coverage can explain the high uniform cooling rate in 
the top 20 m of the Murphy Well Flow, we consider a simple model of a quasi-steady-state turbulently 
convecting komatiite magma, either in direct contact with turbulently convecting seawater, or separated by a 
crust of given thickness. We parameterise the turbulent convective heat fluxes in the magma and overlying sea 
water using the well-established ‘4/3rds law’ (Turner 1973), and use the Stefan-Boltzmann law for radiative heat 
transfer. If a crust is present, we assume that heat transfer through it is purely diffusive. The results are given in 
Table 4: we find the presence of a 5 cm thick crust reduces the heat flux from the flow by a factor of about 2.5, 
from 210 to 80 kWm-2, and reduces the cooling rate in the convecting lava layer from 85 to around 35°C per 
hour. However the highest no-crust cooling rate is still much less than the cooling rate of ~50-100°C /hour 
reported by Donaldson (1982) as being indicated by the presence of strongly dendritic olivine plates. Water 
content affects cooling rates and crystal forms through increased diffusion rates. 
A possibilitity is that transient crust destruction provide the necessary additional burst of heat loss and 
accelerated rate of crystallisation needed to explain the thick dendritic layer at Murphy Well. How could such a 
process take place, and if this is indeed the mechanism, why is it apparently a rare event, as required given the 
unique nature of the Murphy Well Flow? A possible analogue can be found in the October 2008 eruption of the 
Overlook Vent in the Halema’uma’u summit crater on Kilauea (Carey and Manga 2013). The Halema’uma’u 
crater at the time of the eruption contained an active lava lake, periodically disturbed by rockfalls from the 
overhanging crater wall. One particularly large rockfall caused wholesale disruption of the crust of the lake, 
resulting in decompression of a temporarily overpressured, vesicle rich lava body, and very rapid additional 
exsolution of a high proportion of fine gas (mostly water) bubbles, triggering an explosive eruption (Carey et al., 
2012). This combination of processes – crust destruction and degassing – could give rise to the circumstances 
recorded by the Murphy Well dendrite layer. A possible scenario is as follows: the Murphy Well magma 
assimilates water-rich contaminants at depth, and is erupted volatile saturated. Lava is ponded in a small summit 
caldera, and becomes overpressured due to trapping of bubbles beneath the crust. An external trigger, such as a 
crater wall collapse, disrupts the crust, causing catastrophic volatile loss, rapid escape of bubbles owing to 
extremely low viscosity of the komatiite lava, and a burst of supercooled crystallisation and rapid radiative heat 
loss owing to exposure of hot lava directly to sea water. This process gives rise to the quench dendrite layer at 
the top of the flow, which effectively forms a crust and drastically slows the rate of cooling in the flow interior. 
Subsequent slow crystallisation gives rise to the characteristic porphyritic hopper olivine texture in the lower 
~100m of the flow. 
An additional and more important constraint comes from the persistence of high skeletal to dendritic 
olivines through the entire 15-20 m of the amygdaloidal zone. Even if the cooling rate had been high when a 
crust was absent, these olivines grew well below the top of the flow and would have been separated from the free 
surface by a thick insulating layer. We explored the possibility that a process over and above normal conductive 
cooling removed heat from the interior of the flow. Latent heat of vaporisation and cooling associated with 
volume expansion of bubbles can account for heat flux out of the flow, so the balance between these terms and 
latent heat of crystallisation is critical. The latent heat of vaporisation for degassing 5 wt% water from a silicate 
melt is order of 10 kJ/mol (Richet et al. 2006), and the PdV bubble expansion term is smaller than that based on 
results of Sahagian and Proussevitch (1996). Latent heat of crystallisation of olivine from basalt is of the order of 
100 kJ/mol (Lange et al. 1994). Richet et al. (2006) concluded on these grounds that 5% water exsolution from 
magmas is associated with temperature changes of only a few degrees at most. Consistent with this, Applegarth 
et al (2013) found that degassing around 50% of the volatiles from a basalt causes around 35% crystallisation 
almost purely due to undercooling. They observed a large net latent heat release; i.e. the coupled degassing-
crystallising process is strongly exothermic, as predicted by the numbers above, and the thermal effect of 
degassing is much smaller than that of crystallization. Volatile escape is therefore unlikely to be the explanation 
for the additional heat loss required to explain the Murphy Well textures. Strong radiative heat transfer along the 
c-axes of olivine crystals may enhance the rate of heat loss through the spinifex zone of some komatiites (Shore 
and Fowler 1999), but in the Murphy Well Flow the olivine grains are small, randomly oriented and were 
initially separated by glassy matrix. Another possibility is that circulation of seawater through fractures in the 
solidified upper crust boosted the cooling rate, but this process again will act only after a significant thickness of 
crust had solidified and again the cooling rate cannot have been high.  
Donaldson (1976, 1982) provides a possible explanation in his classic papers on olivine textures in 
komatiites. He pointed out that dendritic morphologies like those of the Murphy Well komatiite can be explained 
either by rapid cooling or by crystallization from a strongly supercooled liquid. If the latter, the rate at which the 
olivine grain crystallized need not be extremely high. Reference can also be made to the experimental work of 
Faure et al. (2006) who showed that the skeletal morphologies in normal spinifex olivines resulted from crystal 
growth in a moderate thermal gradient in the upper part of the flow. The rate of crystallization in such conditions 
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is controlled by heat loss through the crust and, once this crust is more than a few decimetres thick, drops to the 
few degrees per hour. 
The key to explaining the texture is therefore growth from the highly supercooled liquid produced by 
rapid escape of volatiles. Given the low viscosity of the 32 wt% MgO liquid, the volatiles would have escaped 
rapidly and efficiently (e.g. Carey et al., 2012), leaving the whole flow in an undercooled state. In the lower 
portion of the flow (porphyritic peridotite and basal zone), phenocrysts provided nucleation sites but in the 
uppermost layer (amygdaloidal and transition zones), nucleation was homogenous and crystals started to grow 
throughout the entire layer. The release of latent heat warmed the layer such that it reached its liquidus after 
about 14% crystallization. Heat loss was more rapid in the upper part which led to its solidification. Once brittle 
it would have fractured, allowing the penetration of seawater. Circulation of seawater then contributed to the 
evacuation of heat from deeper in the flow.  
The model of quench crystallization provoked by degassing therefore explains (a) the textural features 
of the flow – the quench textures and the abundance of amygdales in the upper 20 m of the flow, (b) the lack of 
differentiation, and (c) the anomalously low Fo contents of the olivine. 
 
 
Origin of the volatiles 
The debate about whether komatiites are wet or dry has now rumbled on for almost four decades, ever 
since Brooks and Hart (1974) and Allègre (1982) first broached the subject. Our views on the subject have been 
discussed in detail by Arndt et al (2008). We believe that the primary magmas of most komatiites are essentially 
anhydrous and erupted at the surface as mobile, unusually hot lavas. Once a crust formed at the surface of a 
normal komatiite flow, the rate of heat loss declined rapidly and the cooling and crystallization proceeded 
slowly. This allowed ample time for thick flows to differentiate internally, as was the case for Fred’s Flow.  
The Murphy Well Flow was clearly different, and, as outlined above, there is compelling evidence that 
it formed from hydrous magma. This raises the question of the source of the water. One possibility was that this 
komatiite crystallized from hydrous magma generated in a subduction environment in the manner proposed by 
Grove et al. (1999) and Parman et al. (2004). Magmas formed in such settings have distinctive geochemical 
features such as systematic enrichment of large-ion lithophile elements with less enrichment of Nb-Ta and Ti 
relative to elements of similar compatibility (see review by Pearce, 2008). Although Cs, Rb and Ba are variably 
enriched in the Murphy Well samples (Supplementary material 3), Sr and Pb are not, and Nb-Ta and Ti have 
mantle-normalized abundances similar to elements of similar compatibility (Fig. 5). In addition, the 
concentrations of U-Th and LREE, which should have been enriched along with water or other volatiles (see 
discussion by Pearce, 2008), are very low in samples from the Murphy Well unit. The magma therefore lacked 
the distinctive geochemical features of magmas such as boninites that form during high-degree melting of 
hydrous peridotite in a subduction setting. 
Another possibility is that a high volatile content was a feature of the mantle source of the komatiite. 
Comparison can be made with the Boston Creek unit in the Abitibi greenstone belt in Canada, which has long 
been recognised as representing a variety of komatiite magma that contained a small amount of water (Stone et 
al. 1997; Arndt et al. 1998; Stone et al. 2003). Samples from this unit have an unusually high Fe content and are 
also enriched in incompatible elements such as the LREE. They also contain hydroxyamphibole, the presence of 
which has been used by Stone et al (1997, 2003) to argue that the parental magma contained 1-2%  water. If an 
H2O/La ratio of 500 and 1000 (Dixon et al. 1988; Michael 1995) is used to estimate water contents on the basis 
of the La contents of Boston Creek samples (6.5 ppm La for the most magnesian rich sample 15.36 wt% MgO; 
Stone et al. 1995), values between 3250 and 6500 ppm H2O are obtained. Stone et al (2003) conclude that the 
Boston Creek magmas were derived from an unusual mantle source that was moderately enriched in 
incompatible elements and volatiles. 
The Boston Creek unit is strongly differentiated in a manner similar to Fred’s Flow and it might be 
asked why the loss of water on eruption did not arrest the settling of cumulus minerals as we advocate for the 
Murphy Well Flow. A possible answer comes from field relationships that suggest that the unit is a sill rather 
than a flow (Arndt et al. 2008). The intrusive setting may have prevented the escape of volatiles and allowed the 
unit to crystallize in the presence of water, leading to the stabilization of hydroxyamphibole and formation of 
basal cumulates, a central gabbro and an upper spinifex-textured layer. 
In this context we emphasize that the trace element data of the Murphy Well magmas record neither a 
subduction signature nor the relative enrichment of incompatible elements that points to an enriched source; 
instead these magmas are slightly depleted in incompatible elements and came from a moderately depleted 
source like that of most 2.7 Ga komatiites. 
We are led to propose that water may have been introduced into the komatiite magma during its ascent. 
This idea is not new, having been advocated, for example, by Saverikko (1985) and Schaefer and Morton 
(1991) to explain pyroclastic komatiites in Finland and Ontario, and by Kamenetsky et al. (2003) to account for 
moderate H2O, Cl and B contents in melt inclusions in Gorgona komatiites. Exactly how and when the 
komatiite magma took in water remains very unclear. It is highly improbable that water could penetrate from 
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the surrounding environment through the ductile and impermeable border of a komatiite conduit. Instead, the 
water may have been introduced via bulk assimilation of hydrous rocks or minerals. The depleted trace-element 
patterns indicate that this material was not sediment or other enriched material; nor is hydrated basalt very 
likely. Even in the greenschist facies, where the degree of hydration is greatest, the water contents of 
metamorphosed mafic rocks rarely exceed 5-6%. Assimilation of such material could not produce the 3% water 
we require in our model for the Murphy Well Flow. One possibility is that the komatiite encountered and 
assimilated serpentinite. Such material contains up to 14% water and has an ultramafic composition whose 
assimilation into the komatiite would have little influence on the major or the trace element levels in the 
contaminated magma. If the serpentinite formed through hydration by seawater of an olivine cumulate in the 
crust, this material could supply Cl and B as recorded in the Gorgona komatiites. The assimilation of ~21% 
serpentinite by komatiite must have occurred at great depth for water to dissolve in the magma. Assimilation 
may have occurred by melting small serpentinite xenoliths. Melting serpentinite xenoliths drives a dehydration 
reaction that releases water which is then dissolved in the magma. If the serpentinite xenoliths are large, a 
refractory olivine material is left behind and cannot be dissolved as the magma is olivine-saturated. For 
assimilation to be complete, the serpentinite xenoliths must have been relatively small. Volume changes during 
de-serpentinisation trigger cracks in the outer rims of olivine, enabling the release of water into the magma and 
further fragmenting the original serpentinite xenoliths. 
 
CONCLUSIONS 
The contrasting characteristics of Fred’s Flow and Murphy Well Flow are summarized in Table 5. Although the 
two flows have similar thicknesses, they have very different textures and internal structures. Fred’s Flow is 
strongly differentiated into a 10 m spinifex layer, a central gabbroic unit and a 50 m olivine cumulate layer; the 
Murphy Well Flow is undifferentiated, exceptionally homogeneous, and has dendritic crystals through most of 
the flow. 
Fred’s Flow is the type example of a thick, differentiated komatiitic flow and its overall characteristics 
may be taken as the norm for this type of unit. Flows of this type are found in many Archean and younger 
greenstone belts (e.g. the Pilbara craton in Australia, Arndt et al. 2001; the Belingwe belt of Zimbabwe, Bickle 
and Nisbet 1993; or the Cape Smith belt in Canada, Francis and Hynes 1979) and its solidification history 
probably was typical of thick komatiitic flows. Following eruption it differentiated strongly into the upper 
brecciated and spinifex layers, the central gabbro and the lower pyroxene and olivine cumulates. Through our 
petrological observations and modelling we have been able to constrain the compositions of the erupted lava – 
both the MgO content and the percentage of phenocrysts – as well as the manner in which it solidified and 
differentiated. We have shown that the emplacement took places in several stages, the emplacement of two 
pulses, i.e. the eruption of a thin precursor being followed by a more voluminous main eruption, the subsequent 
crystallisation and differentiation in a closed-system, and that the compositions of the lava pulses were not 
constant.  
The enigmatic Murphy Well Flow forms a counterpoint to the orthodoxy of Fred’s Flow. Despite being 
thicker and therefore inherently more likely to have solidified more slowly, it underwent almost no 
differentiation and is quench-textured in its upper 20 m. These features indicate that it solidified very rapidly. 
The parental liquid was significantly more magnesian and probably hotter than the basaltic komatiite magma of 
Fred’s Flow and other factors being equal, it would have initially cooled more rapidly. However, this liquid 
would also have been far less viscous and therefore any olivine crystals should have settled more rapidly. To 
explain the lack of differentiation, we propose that the erupted komatiitic liquid was hydrous and that the escape 
of hydrous fluid caused rapid crystallization. The effect was two-fold: first, the loss of volatiles induced a state 
of strong undercooling in the silicate liquid, which led to rapid crystallization, and second, an additional process 
such as associated transient crust collapse caused a burst of rapid heat loss offsetting the release of latent heat of 
crystallization. The consequence was rapid solidification of the entire unit, at such a rate that crystal settling and 
differentiation was not possible. 
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Figure, Table and Supplementary materials captions 
 
Fig. 1 a) Map indicating the location of Fred’s Flow; b) map indicating the location of Murphy Well Flow. 
Fig. 2 Diagrams of both flows showing lithologies and variations in MgO contents; a) Fred’s Flow; b) Murphy 
Well Flow. Note the large variation in MgO contents in strongly differentiated Fred’s Flow and the almost 
constant compositions in the Murphy Well Flow. Grey circles correspond to data from this study and black 
circles to previous data (Arndt 1975; Arndt et al. 1977; Arndt and Nesbitt 1982; Lewis and Williams 1993). 
S.M.2 refers to Supplementary material 2. 
Fig. 3 Photomicrographs of samples from the top of Fred’s Flow; a) scanned thin section of the breccia (sample 
P9-223; 0.2 m depth) showing a wide variety of forms and textures in the fragment; b) fragment consisting 
entirely of devitrified glass, except from snall chromite grains that acted as sites of nucleation; c) fragment 
with random olivine spinifex texture; d) composite fragment with the lower portion consisting of fine-grained 
devitrified glass and the upper section of coarser devitrified glass and sparse olivine phenocrysts; e) detail of 
olivine phenocrysts in fragment d) showing skeletal overgrowths; f) sample M633 (2.3 m depth): olivine 
phenocrysts (ca. 20%) in a glassy matrix; g) sample P9-111 (1 m depth): ca 20% medium to fine olivine 
phenocrysts in a matrix containing a population of much finer euhedral olivine grains; h) phenocrysts of 
pyroxene in another fragment from sample P9-223. The euhedral grain in the centre left is augite; above it, 
four small augite grain have nucleated on another mineral, probably orthopyroxene, now altered to chlorite; i) 
sample M636 (3.8 m depth): olivine spinifex lava. 
Fig. 4 Diagrams illustrating the controls of olivine and clinopyroxene during the crystallisation history of Fred’s 
Flow. Grey circles indicate analysis from this study (Supplementary materials 3 and 4). 
Fig. 5 Trace element spectra of both flows. In grey: Fred’s Flow; In black: Murphy Well Flow. Data are 
normalized using the primitive mantle values of Hofmann (1988). 
Fig. 6 Photomicrographs of samples from the Murphy Well Flow. a) & b) amygdales in fine-grained lava; c), d) 
e) & f) plumose morphologies of olivine grains; g) olivine porphyry. Images a) to f) are from sample MW3 
(22 m), a peridotite with fine skeletal olivine from the top of the transition zone. Image g) is from MW8 an 
olivine porphyry located towards the lower part of the transition zone (27 m). 
Fig. 7 Diagram illustrating effect of degassing of the Murphy Well Flow. The grey lines represent the change in 
the Mg# (=MgO/(MgO+FeO)) of crystallizing olivine and in the associated liquid for magma containing 
various water content. The parent magma contains 32 wt% MgO and would have crystallized olivine with the 
composition Fo94.9. Degassing of a liquid with 3 wt% water results in strong supercooling of the liquid, as 
represented by the black curves that correspond to anhydrous conditions. The degassed liquid crystallizes 
olivine with the composition Fo92.9. 
Fig. 8 Schematic diagram illustrating the variation of crystal content and temperature during degassing of the 
Murphy Well Flow. The anhydrous and hydrous solidi (dashed) are taken from Fig. 7. The solid black line 
represents the increase in temperature caused by release of latent heat of crystallization; this curve cuts the 
anhydrous liquidus at only 14% crystallization. To explain the ca. 60% of crystals observed in the flow 
requires that we take into account heat loss during evacuation of the hydrous fluid, as represented by the solid 
grey line. 
Table 1: Liquid compositions 
Table 2: Compositions used in the Petrolog modelling 
Table 3: Olivine content in the upper and lower part of Fred’s Flow 
Table 4: Parameters and mechanisms used for heat loss calculations and results 
Table 5: Comparison of characteristics of the two flows 
Supplementary material 1: Field maps indicating the location of Murphy Well Flow; a) Regional location of 
the Murphy Well Flow; b) Close-up satellite image from Google Earth corresponding to c) geological map of 
the Murphy Well area, Edjudina. a) and c) are modified after Lewis and Williams (1973). 
Supplementary material 2: Sketch diagrams of several komatiitic units and the variation of MgO versus depth. 
This figure highlights the general differentiation of komatiitic bodies. Modified after this study, Gole and Hill 
(1990) and Lesher (1989). 
Supplementary material 3: Major element analyses (wt%) of samples from Fred’s Flow and the Murphy Well 
Flow 
Supplementary material 4: Trace element analyses (concentrations in ppm) 
Supplementary material 5: Description of the uppermost 20 meters of Fred’s Flow 
Supplementary material 6: Description of the Murphy Well Flow 
Supplementary material 7: Microprobe analyses of olivine from the Murphy Well Flow 
Supplementary material 8: Well log description for the uppermost 20 m of Fred’s Flow. 
Supplementary material 9: Schematic illustration of the emplacement of Fred’s Flow. 1) Emplacement of the 
first 20 m pulse with formation of a spinifex-textured top; 2) engulfment of the spinifex textured-top by a 
more voluminous second pulse. 
Table 1: Liquid compositions 
 P9-111 P9-223 MW4 
MgO (wt %) 19.3 14.7 32.0 
Fe2O3 (wt %) 13.1 11.8 11.8 
FeO (=90% total iron; wt %) 10.6 9.60 9.60 
FeO (=85% total iron; wt %) 10.0 9.00 9.00 
Fo in ol (Kd = 0.34)    
FeO (=90% total iron) 0.905 0.890 0.946 
FeO (=85% total iron) 0.910 0.895 0.949 
Fo in ol (Kd = 0.30)    
FeO (=90% total iron) 0.915 0.901 0.952 
FeO (=85% total iron) 0.920 0.906 0.955 
 
 
Table 2: Compositions used in the Petrolog modelling 
SiO2 TiO2 Al2O3 Fe2O3   FeO MnO MgO CaO Na2O  K2O  P2O5 Cr2O3 
Bulk composition: initial liquid + 10 vol% olivine phenocrysts – P9-111 
45.9 0.49 9.36 1.31 10.6 0.24 19.3 10.8 0.18 0.03 0.05 0.44 
Parental melt composition – After 10% fractionation of olivine phenocrysts 
47.1 0.55 10.54 1.48 10.9 0.27 16.1 12.2 0.20 0.03 0.06 0.50 
Gabbroic composition – modelling stops at 8 wt% MgO 
47.7 0.82 14.5 1.40 12.2 0.40 8.00 13.7 0.30 0.04 0.09 0.74  
Table 3: Olivine and clinopyroxene content in the upper and lower part of Fred’s Flow 
    Thickness 
(m) 
Proportion 
of flow (%) 
Modal 
olivine 
Contribution to 
olivine/clinopyroxene 
content of the flow 
Results from 
Petrolog 
modeling 
olivine Flowtop (breccias & 
olivine spinifex) 7 5.8 10 0.58   
 Olivine cumulate 50 41.7 60 25.0 
  Basal marginal zone 10 8.3 30 2.49 
  Total 
   
28.1 17.2 
clinopyroxene Flowtop (pyroxene 
spinifex) 4 3.3 10 0.33 
 
 
Pyroxene cumulate 8 6.7 60 4.02 
 
 
Basal marginal zone 10 8.3 30 2.49 
   Total       6.84 14.1  
Table 4: Parameters and mechanisms used for heat loss calculations and results 
Model variables 
Lava interior temperature 1873 K (1600°C) 
Ambient environment temperature 273 K (0°C) 
Thickness of flow taking part in convection 20 m 
Komatiite composition (wt%) 
Al2O3 Cr2O3 NiO TiO2 Fe2O3 FeO SiO2 MgO Na2O CaO K2O MnO 
6.5 0.45 0.15 0.27 0.4425 9.5116 46.9 30 0.43 5.0 0.1 0.2 
Heat transfer mechanisms 
Turbulent convection inside flow 
Turbulent convection + radiation from flow surface 
Diffusion across crust 
Without crust 
Surface temperature 513 K (240°C) 
Heat flux out of lava interior 208379.8 Wm-2 
Cooling rate of flow interior 85.4 K / hr 
With 5 cm thick crust 
Base of crust temperature 1181 K (908°C) 
Surface temperature 399 K (126°C) 
Heat flux out of lava interior 84662.0 Wm-2 
Cooling rate of flow interior 34.7 K / hr 
 
 
 
 
Table 5: Comparison of characteristics of the two flows 
  Fred's Flow  Murphy Well 
 Thickness (m) 120  Thickness (m) 160 
Upper 
Layers 
Depth (m) Lithology MgO (wt%)  Depth (m) Lithology MgO (wt%) 
0-3 Breccia & aphanitic 
lava 15-20 
 
 Top not observed  
 3-9 
Olivine spinifex  11 
 
 0-21 Amygdaloidal zone 33 
 9-16 
Pyroxene spinifex 8 
 
21-31 Transition zone 33 
16-60 Gabbro 10     
Lower 
Layers 
60-63 
Pyroxene cumulate 23 
 
31-131/141 Porphyritic peridotite 33 
63-100 
Olivine cumulate 37 
 131/141-
160 Basal zone 38-40 
100-120 Border zone 20        
Amygdales rare  2 to 5 in the amygdaloidal and transition zones 
Phenocrysts (vol %) 0 to 20  absent? 
Parental liquid (wt% MgO) 12 to 20  32 
Evolved liquid (wt% MgO) 6  31 
Cumulate (wt% MgO) 30 to 38  34 in porphyritic peridotite 38 to 40 in basal zone 
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Supplementary Material 3: Major element analyses (wt%) of samples from Fred’s Flow and the Murphy Well Flow 
 Fred’s Flow 
Sample M631 M632 M633 M634 M635 M636 M638 C55 M639 C53 
Depth 
(m) 0.3 1.83 2.29 2.59 3.6 3.81 7.2 8 8.5 10 
Rock 
type 
Flow-top 
breccia 
Flow-top 
breccia 
Aphanitic 
lava 
Aphanitic 
lava 
Pyroxene 
spinifex 
Random 
olivine 
spinifex 
Random 
olivine 
spinifex 
criss-cross 
clinopyroxene 
spinifex 
Pyroxene 
spinifex 
string-beef 
clinopyroxene 
spinifex 
SiO2 47.8 47.4 46.7 48.3 51 48.6 46.7 47.5 49 50.4 
TiO2 0.42 0.45 0.48 0.5 0.63 0.57 0.57 0.56 0.66 0.61 
Al2O3 8.56 8.32 8.98 9.42 11.37 9.52 11.16 11.02 13.4 12.06 
Cr2O3 0.34 0.36 0.36 0.34 0.18 0.27 0.19 0 0.15 0.15 
FeO* 12.99 12.96 12.88 13.23 11.11 13.58 15.82 12.48 15 11.84 
MnO 0.23 0.23 0.23 0.22 0.19 0.21 0.18 0.2 0.17 0.19 
MgO 20.09 19.6 19.24 18 14.64 18.17 15.78 16.63 16.66 12.18 
NiO 0.09 0.09 0.09 0.07 0.03 0.06 0.04 0 0.03 0.03 
CaO 9.37 10.47 10.9 9.7 9.06 8.33 8.63 10.4 3.65 10.52 
Na2O 0.08 0.07 0.08 0.16 1.76 0.65 0.88 1.18 1.15 1.82 
K2O 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.06 0.12 0.15 
P2O5 0.03 0.03 0.03 0.04 0.05 0.04 0.04 0 0.04 0.05 
Raw 
Total 99.92 100.08 99.85 99.94 99.88 100.06 101.22 98.34 99.46 98.98 
* Data normalized to 100% on an anhydrous basis, with Fe expressed as FeO. FeO*, total iron as FeO 
 
 
Supplementary Material 3 (Continue) 
 Fred’s Flow 
Sample M640 M641 M642 M505 C5 C4 C3 C2 
Depth (m) 10.7 12.7 14.3 18.9 48 57 90 120 
Rock type Pyroxene spinifex 
Pyroxene 
spinifex Gabbro Gabbro gabbro 
gabbro with 
cumulate 
orthopyroxene 
grains 
peridotite border zone 
SiO2 48.7 50.5 51.4 51.6 51.4 52.5 43.9 45.6 
TiO2 0.59 0.67 0.64 0.79 0.92 0.49 0.11 0.37 
Al2O3 11.54 12.3 11.56 15.23 14.27 13.56 3.84 8.53 
Cr2O3 0.16 0.12 0.09 0.07 0.01 0.06 0.68 0.46 
FeO* 13.56 13.49 11.47 12.58 13.28 10.46 10.62 11.72 
MnO 0.21 0.19 0.14 0.21 0.22 0.2 0.15 0.21 
MgO 15.31 13.89 9.94 7.67 7.32 10.46 37.08 23.98 
NiO 0.03 0.02 0.02 0 0.01 0 0.02 0.13 
CaO 8.81 7.04 13.23 10.02 9.74 10.67 3.4 8.85 
Na2O 0.97 1.7 1.46 1.55 2.41 1.61 0.06 0.1 
K2O 0.04 0.07 0.02 0.18 0.3 0.01 0.12 0.04 
P2O5 0.04 0.05 0.05 0.06 0.08 0 0 0 
Raw Total 99.81 100.02 100.01 100 98.86 100.04 100.21 93.84 
* Data normalized to 100% on an anhydrous basis, with Fe expressed as FeO. FeO*, total iron as FeO 
Supplementary Material 3 (Continue) 
 Murphy Well Flow 
Sample MW4 MW5 MW1 MW6 MW2 MW3  MW8 MW11 
Depth 
(m) 1 3 5 6 11 22 
 27 30 
Rock 
type 
aphanitic 
peridotite 
amygdaloidal 
peridotite 
amygdaloidal 
peridotite 
aphanitic 
peridotite 
amygdaloidal 
peridotite 
peridotite with fine 
skeletal olivine 
 
olivine 
porphyry 
olivine 
porphyry 
SiO2 47.2 46.9 46.1 46.2 45.9 46.1  45.6 46.7 
TiO2 0.26 0.25 0.26 0.24 0.22 0.23  0.21 0.27 
Al2O3 5.53 5.19 5.3 4.93 4.8 5.05  4.59 5.64 
Cr2O3 0.44 0.43 0.42 0.43 0.42 0.43  0.4 0.45 
FeO* 10.4 10 10.18 9.8 10 10.1  9.45 10.3 
MnO 0.16 0.15 0.16 0.16 0.16 0.16  0.14 0.17 
MgO 32 33.2 32.4 33.6 33.7 33.2  35.4 31.2 
NiO 0.2 0.22 0.21 0.2 0.2 0.18  0.19 0.19 
CaO 3.6 3.56 4.84 4.23 4.41 4.48  3.87 5.03 
Na2O 0.07 0.05 0.07 0.05 0.04 0.04  0.05 0.06 
K2O 0.1 0.08 0.08 0.07 0.04 0.07  0 0.07 
LOI 10.2 10.3 9.8 10.2 10 9.5  10.4 9.3 
Raw 
Total 99.28 99.26 99.3 99.3 99.32 99.31 
 99.34 99.29 
* Data normalized to 100% on an anhydrous basis, with Fe expressed as FeO. FeO*, total iron as FeO 
Supplementary material 4 : Trace element analyses (concentrations in ppm) 
 Fred’s Flow  Murphy Well Flow 
Sample M505 M636 C2 C3 C4 C5 C53 C55 C73  MW2 MW6 MW8 
Cs 0.24 0.51 1.32 0.41 0.26 0.28 1.00 1.34 0.35  1.71 1.46 0.72 
Rb 9.93 2.02 0.99 1.31 0.81 5.86 3.66 1.87 18.90  1.68 2.51 0.16 
Ba 63.0 17.0 4.08 2.94 12.90 53.20 41.70 20.70 152.00  10.2 11.7 28.0 
Sr 151 18.3 8.51 3.46 75.10 93.60 141.00 52.80 127.00  6.55 5.72 6.41 
Nb 1.70 0.94 0.61 0.27 1.00 1.34 0.94 0.87 1.39  0.41 0.40 0.40 
Ta 0.12 0.06 0.04 0.02 0.07 0.09 0.06 0.06 0.10  0.03 0.02 0.02 
Zr 51.9 30.7 19.60 8.78 28.30 42.40 30.20 27.70 41.80  12.2 12.0 11.7 
Hf 1.36 0.85 0.63 0.26 0.87 1.28 0.97 0.86 1.25  0.31 0.33 0.31 
Y 21.8 14.4 9.10 3.86 13.20 18.20 13.70 12.40 16.90  5.46 5.45 5.29 
Th 0.19 0.15 0.07 0.03 0.13 0.17 0.10 0.09 0.18  0.05 0.05 0.05 
U 0.05 0.04 0.02 0.01 0.03 0.06 0.03 0.03 0.05  0.01 0.01 0.01 
Pb 0.42 0.54 0.75 0.44 0.26 0.37 0.33 0.36 0.28  0.11 0.08 0.10 
La 2.14 1.34 0.77 0.34 1.38 1.69 1.25 1.05 1.81  0.68 0.45 0.51 
Ce 5.94 3.74 2.27 0.98 3.73 4.84 3.61 3.16 5.03  1.67 1.36 1.36 
Pr 0.93 0.60 0.39 0.17 0.61 0.80 0.61 0.54 0.82  0.25 0.23 0.23 
Nd 4.98 3.20 2.10 0.92 3.31 4.61 3.45 3.09 4.47  1.29 1.25 1.23 
Sm 1.82 1.17 0.82 0.35 1.19 1.68 1.34 1.19 1.61  0.47 0.46 0.43 
Eu 0.64 0.38 0.31 0.14 0.77 0.60 0.50 0.40 0.58  0.17 0.16 0.17 
Gd 2.46 1.70 1.11 0.48 1.84 2.53 1.98 1.73 2.41  0.62 0.65 0.62 
Tb 0.48 0.31 0.22 0.10 0.34 0.45 0.36 0.31 0.43  0.12 0.12 0.12 
Dy 3.13 2.16 1.65 0.65 2.28 3.13 2.42 2.23 2.94  0.78 0.80 0.76 
Ho 0.69 0.48 0.34 0.14 0.49 0.68 0.52 0.47 0.62  0.17 0.18 0.17 
Er 2.10 1.45 1.01 0.43 1.49 2.05 1.58 1.43 1.92  0.51 0.53 0.50 
Yb 1.97 0.31 1.01 0.43 1.41 1.96 1.49 1.35 1.82  0.51 0.51 0.48 
Lu 1.36 0.21 0.15 0.07 0.20 0.29 0.22 0.20 0.27  0.08 0.08 0.07 
 
 
Supplementary material 5: Description of the uppermost 20 meters of Fred’s Flow 
 
M631 - Flowtop breccia (0 to 1.22 m depth) 
Below the overlying basalt, the flowtop breccia is composed of two types of fragments in a graphitic matrix. The 
origin of these fragments is difficult to determine because of extensive alteration. The breccia contains quartz 
and chlorite veins as well as some grains of sulphide. At the bottom of the breccia some olivine phenocrysts are 
identified. 
Sample M631 is located at the limit between the overlying komatiitic basalt and the breccia. It contains 
remarkable deformation textures (Fig. 3b), with several steps of deformation. This sample present a fold 
dislocated by a normal fault, itself deformed by “en echelon” veins. These different stages of deformation 
indicate an evolution from ductile to brittle, which may have been caused by the outflow of fluids during the 
emplacement of the overlying basalt.  
 
Aphanitic lava (1.22 to 1.52 m) 
The underlying layer is composed of aphanitic lava with 20 vol% olivine phenocrysts and minor chlorite veins. 
 
M632 – Breccia (1.52 and 2.13 m) 
This breccia contains 10 vol% of zoned fragments, which originate from the uppermost layer included in a dark 
matrix. Quartz and chlorite veins, as well as sulphide grains are also identified. The fragments contain ~15 vol% 
skeletal and serpentinized olivine phenocrysts in a devitrified glass. About 5 vol% euhedral chromite grains are 
located at the edges of olivine phenocrysts. The glass is brown and devitrified. Secondary minerals are mostly 
located within fractures (10 vol%).  
 
M633 -Aphanitic grey lava (2.13 to 2.44 m) 
Sample M633 is an aphanitic grey lava with 25 vol% olivine phenocrysts and 35 vol% acicular pyroxene 
contained in a matrix of acicular pyroxene, euhedral chromite and devitrified glass. Acicular pyroxenes 
surrounds olivine phenocrysts.  
 
M634 -Aphanitic grey-green lava (2.44 and 3.54 m) 
This rock is similar to M633, with the exception that olivine phenocrysts are much smaller (up to 0.25 mm 
against 0.95 for M633). This rock contains ~20 vol% olivine phenocrysts in a fine-grained grey-green matrix. 
The continuity of the aphanitic lava beneath this sample (2.75-3.54 m) contains layers characterised by various 
contents of olivine phenocrysts (some layers with 15 vol% and others with 25 vol%). 
 
Spinifex 
M635 – Pyroxene spinifex (3.54 to 3.66 m) 
The upper part of the spinifex zone is composed of pyroxene spinifex textured lava with 50 vol% zoned 
pyroxene phenocrysts in a matrix of acicular pyroxene, oxides and devitrified glass. This rock also contains ~1 
vol% amygdales and chlorite veins. Pyroxenes are acicular (in average 0.4 mm wide and 1.6 mm long) and 
zoned with augite rims and altered pigeonite cores. This rock also contains ~20 vol% secondary minerals, such 
as quartz, calcedony, calcite and chlorite. Additionally, the amygdales (~1%) are filled with calcite and chlorite. 
 
M636 – Random olivine spinifex (3.66 to 5.5 m) 
The underlying layer of spinifex is composed of ~50 vol% olivine blades randomly orientated in a matrix of 
augite and plagioclase in intergrowths, euhedral chromite and devitrified glass. The olivine blades are long (2 to 
7 mm) and thin (0.1 to 0.2 mm). Chlorite veins and amygdales (1 vol%) are also present.  
 
M637 – Platy olivine spinifex (5.5 to 6.25 m) 
The olivine wafers are subparallel and longer (up to 4cm) in comparison to M636. Approximately 45 vol% of 
skeletal olivine is included in a matrix composed of of intergrown acicular pyroxene and plagioclase, euhedral 
chromite and devitrified glass. Acicular pyroxenes are randomly orientated in between olivine blades. This 
sample also contains ~1 vol% amygdales filled of chlorite. 
 
M638 – Random olivine spinifex (6.25 to 7.3 m) 
In this layer, olivine blades are randomly orientated and are included in a similar matrix to M637. Their sizes are 
similar to those of sample M637. 
 
Platy olivine spinifex (7.3 to 7.9m) 
This layer is composed of platy olivine spinifex. Again, the mineralogy is similar to sample M637. 
 
Random olivine spinifex (7.9 to 8.2m) 
 
M639 - Pyroxene spinifex (8.5 to 9.15m) 
The base of the spinifex zone is composed of 30 vol% subparallel zoned pyroxene, 60 vol% plagioclase in a 
matrix of equant quartz, euhedral oxides and devitrified glass (altered in chlorite). 
 
M640, M641 – Pyroxene spinifex (10.7- 13.4m) 
These samples contain less abundant and smaller plagioclase than sample M639 and no quartz. Samples M640 
and M641 have a random pyroxene spinifex texture with 40% zoned pyroxene megacrysts in a matrix of acicular 
pyroxene, plagioclase and devitrified glass. The matrix is composed of augite needles in intergrowth with 
plagioclase, euhedral chromite and devitrified glass. 
 
Base of the transition layer 
At 12 m depth, the size and concentration of acicular pyroxene, as well as the concentration of plagioclase and 
quartz increase. 
 
M642 – Gabbro (13.4m – end of hole)  
The pyroxene phenocrysts are less abundant and the texture becomes porphyritic. The sample contains 35 vol% 
augite, 40 vol% plagioclase phenocrysts in a finer-grained matrix composed of the same minerals and ~ 5 vol% 
quartz. 
 
M505 – Gabbro 
This sample has the highest concentration of quartz and plagioclase observed in the drill core with 15 vol% 
quartz, 50 vol% plagioclase and only 20 vol% augite in a finer-grained matrix. Augite, plagioclase and quartz are 
coarser, with maximum lengths of 2.6, 2.4 and 1.3 mm, respectively.  
 
Supplementary material 6: Description of the Murphy Well Flow 
 
The Murphy Well Flow is composed of four main layers: a ~20 m thick amygdaloidal zone (0-21 m), a ~10 m 
thick transition zone (21-31 m), a 100 to 110 m thick porphyritic peridotite (31 to 141/151 m) and a 20 to 30 m 
thick basal zone (131/141 to 160 m) (Figure 2). The contact between the basal zone and porphyritic peridotite 
has not been identified and the thickness for both zones is therefore less accurate than other portions of the flow. 
All rocks are partially serpentinised but the original textures are remarkably well preserved. 
 
Amygdaloidal zone 
The uppermost 21 m of the body is composed of komatiite containing fine to medium (1 to 6 mm) crystals of 
skeletal and dendritic olivine and sparse to relatively abundant (2-5 vol%) segregation vesicles. The olivine 
grains (60 vol%) have a complex dendritic habit and are included in a matrix composed of acicular 
clinopyroxene, a pale brown altered glass and euhedral and skeletal chromite crystals. Samples MW4, MW5, 
MW1, MW6, MW2 and MW7 from the amygdaloidal zone reveal progressive but no continuous increase in 
grain size and an alternation of olivine habits, from skeletal to dendritic. 
 
MW4 represents the uppermost 3 m of the flow with 70 vol% skeletal olivine (1 mm large and 2.4 mm long) in a 
matrix of acicular augite (1.6 mm long), serpentinised glass and euhedral chromite and the presence of 3 vol% 
vesicles. MW5, MW1 and MW6 are from deeper layers composed of 60-70 vol% skeletal and dendritic olivine 
and 5 vol% vesicles in a devitrified matrix.  
 
MW2(10 m) , contains skeletal olivine crystals. This sample contains 70 vol% olivine crystals, 2 vol% of large 
subhedral pyroxene crystals (0.3 by 1.5 mm) and 5 vol% vesicles in a matrix of acicular augite, serpentinised 
glass and oxides. MW7 (15 m) is composed of 60 vol% skeletal and dendritic olivine; the crystals are large, 
between 3.8 to 5.3 mm in length and have a maximum width of 2.5 mm; the matrix is similar to previous 
samples 
 
The lower part of the flow consists of porphyritic peridotite containing 60-70 vol% polyhedral olivine grains, 
contained in a matrix of pyroxene, chromite and altered glass. 
Transition zone 
The transition zone (21 to 31m) contains 60 vol% skeletal and polyhedral olivine phenocrysts (6 mm) in a matrix 
of acicular clinopyroxene, pale brown altered glass, and euhedral and skeletal chromite crystals. The habit of 
olivine crystals range from skeletal, dendritic, to polyhedral. Sample MW3 (20 m) is composed of 60 vol% 
skeletal and dendritic olivine in a matrix of zoned and acicular pyroxene (1.8 mm long), serpentinised glass and 
euhedral oxides. MW8 has a porphyritic texture with 60 vol% polyhedral olivine (0.15 to 1.5 mm large and 0.2 
to 2.3 mm long), 30 vol% acicular pyroxene (0.2 mm large and 0.7 mm long) and 10 vol% euhedral oxides. 
MW11, at the base of the transition zone, contains 75 vol% skeletal and dendritic olivine (0.4 mm large and 2.2 
mm long), and 2% vesicles in a matrix of acicular augite (1.8 mm long), serpentinised glass and euhedral oxides.  
 
Porphyritic peridotite 
The porphyritic peridotite (31 to 131-141 m) is composed of 60 vol% polyhedral equant olivine crystals in a 
matrix of acicular clinopyroxene (1 mm long maximum; 40 vol%), a pale brown glass and euhedral and skeletal 
chromite crystals (4.5 vol%). The lower basal zone (131/141-161 m deep) contains 70 vol% polyhedral equant 
olivine crystals (1-2 mm long) in a matrix of acicular clinopyroxene and grains of chromite. In this zone, the 
olivines are completely serpentinised. 
 
Basal zone 
The basal zone has not been sampled in this study and available information/data are given by Lewis and 
Williams (1973). 
Supplementary material 7. Microprobe analyses of olivine from the Murphy Well Flow; Information regarding depth and rock type is given in table 1. 
Sample MW1 MW1 MW1 MW1 MW1 MW1 MW1 MW1 MW1 MW1 MW2 MW2 MW2 MW2 MW2 MW2 MW2 MW2 MW2 MW2 
Point 2A 1C 1 5A 1A 2B 4A 5B 6A 3A OL1                        OL2                OL3                OL6                OL7                 OL8                5A 6A 3A 1 
SiO2  40.81 41.25 40.74 40.91 41.09 40.7 40.7 40.81 41.05 41.26 41.35 42.72 41.26 40.87 41.41 41.63 40.8 41.23 41.07 41.35 
MgO   49.74 49.98 49.84 50.25 50.11 50.25 50.34 49.61 50.37 49.87 51.84 53.36 51.86 51.73 52.03 51.7 50.34 50.59 50.18 51.84 
FeO   7.82 7.86 7.97 7.26 7.5 7.54 7.08 7.56 7.29 7.68 7.55 7.79 7.41 7.43 7.45 8 7.42 7.1 7.29 7.55 
Al2O3 0.08 0.07 0.06 0.06 0.08 0.09 0.1 0.07 0.07 0.08 0.05 0.08 0.07 0.07 0.07 0.06 0.06 0.07 0.06 0.05 
CaO   0.23 0.24 0.24 0.22 0.21 0.22 0.2 0.21 0.22 0.22 0.2 0.21 0.22 0.2 0.2 0.22 0.22 0.18 0.19 0.2 
Cr2O3 0.21 0.2 0.18 0.16 0.16 0.21 0.16 0.18 0.18 0.2 0.14 0.11 0.19 0.15 0.1 0.19 0.1 0.15 0.12 0.14 
MnO   0.16 0.13 0.14 0.12 0.2 0.12 0.12 0.13 0.14 0.13 0.13 0.13 0.14 0.15 0.13 0.13 0.11 0.15 0.14 0.13 
NiO 0.44 0.45 0.45 0.49 0.45 0.46 0.47 0.45 0.46 0.46 0.47 0.47 0.47 0.47 0.47 0.46 0.46 0.46 0.46 0.47 
CoO 0.024 0.024 0.024 0.022 0.023 0.021 0.021 0.023 0.024 0.023 0.023 0.023 0.023 0.024 0.023 0.023 0.581 0.582 0.584 0.598 
Total 99.05 99.79 99.22 98.98 99.39 99.17 98.73 98.64 99.36 99.49 101.3 104.4 101.2 100.6 101.4 101.9 99.08 99.54 99.09 101.29 
Fo 91.89 91.89 91.77 92.50 92.25 92.24 92.69 92.12 92.49 92.05 92.45 92.43 92.58 92.54 92.56 92.01 92.36 92.70 92.46 92.45 
 
Sample MW2 MW2 MW2 MW2 MW2 MW2 MW2 MW2 MW3 MW3 MW3 MW3 MW3 MW3 MW3 MW3 MW3 MW3 MW3 MW3 
Point 5B 2 4A 2A 8 3 7 6B 1C 6x 9B 9A 7A 6B 6A 5C 5A 4A 10x 2a 
SiO2  40.73 42.72 41.02 40.91 41.63 41.26 41.41 40.68 41.42 41.61 41.38 41.46 41.63 41.03 40.97 41.77 41.24 41.23 41.72 41.39 
MgO   49.74 53.36 49.56 50.2 51.7 51.86 52.03 50.05 50.73 49.92 49.96 50.12 50.2 49.67 50.08 50.28 50.22 50.53 50.33 50.43 
FeO   8.52 7.79 7.89 7.19 8 7.41 7.45 7.46 6.9 7.55 7.07 6.78 6.92 7.01 6.82 7.51 7.09 6.9 7.05 7.55 
Al2O3 0.09 0.08 0.07 0.06 0.06 0.07 0.07 0.05 0.06 0.07 0.07 0.08 0.09 0.09 0.07 0.06 0.06 0.07 0.09 0.07 
CaO   0.19 0.21 0.23 0.2 0.22 0.22 0.2 0.21 0.24 0.21 0.23 0.23 0.23 0.24 0.22 0.27 0.22 0.22 0.23 0.21 
Cr2O3 0.19 0.11 0.26 0.15 0.19 0.19 0.1 0.12 0.19 0.2 0.18 0.16 0.18 0.22 0.2 0.2 0.17 0.23 0.22 0.22 
MnO   0.09 0.13 0.11 0.06 0.13 0.14 0.13 0.19 0.07 0.11 0.12 0.12 0.14 0.09 0.1 0.07 0.11 0.09 0.13 0.11 
NiO 0.43 0.47 0.44 0.46 0.46 0.47 0.47 0.45 0.46 0.46 0.46 0.46 0.47 0.46 0.46 0.45 0.46 0.46 0.47 0.45 
CoO 0.542 0.593 0.563 0.023 0.023 0.023 0.023 0.022 0.023 0.025 0.023 0.025 0.024 0.022 0.023 0.023 0.021 0.021 0.023 0.023 
Total 99.59 104.4 99.2 98.81 101.9 101.2 101.4 98.84 99.64 99.7 99.19 99.01 99.39 98.38 98.54 100.2 99.12 99.32 99.83 100.01 
Fo 91.23 92.43 91.80 92.56 92.01 92.58 92.56 92.28 92.91 92.18 92.65 92.95 92.82 92.66 92.90 92.27 92.66 92.88 92.71 92.25 
 
Sample MW3 MW3 MW3 MW3 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 MW6 
Point 11A 1B 4A 9C 9C 12x 10x 8A 8x 7A 7x 4A 4x 3x 2D 2C 1a 5A 11x 
SiO2  41.52 41.44 41.41 41.38 41.28 41.29 41.5 41.08 40.8 41 40.63 41 41.48 41.55 41.34 41.61 42 41.2 41.09 
MgO   50.5 50.78 50.74 49.63 49.92 49.19 49.95 49.07 48.53 49.32 48.58 49.01 49.74 50.32 50.11 50.07 50.01 48.8 47.85 
FeO   6.92 7.03 6.94 6.92 7.24 7.58 7.56 7.16 7.94 7.24 7.87 7.43 7 7.27 7.29 7.42 7.02 7 7.32 
Al2O3 0.06 0.07 0.07 0.07 0.06 0.07 0.06 0.06 0.05 0.06 0.07 0.08 0.05 0.06 0.06 0.1 0.07 0.14 0.08 
CaO   0.22 0.23 0.22 0.22 0.21 0.2 0.25 0.22 0.21 0.24 0.21 0.22 0.25 0.21 0.2 0.23 0.21 0.26 0.23 
Cr2O3 0.17 0.14 0.19 0.18 0.23 0.21 0.17 0.19 0.14 0.19 0.16 0.23 0.16 0.18 0.19 0.13 0.2 0.3 0.23 
MnO   0.07 0.12 0.15 0.13 0.18 0.12 0.2 0.17 0.2 0.21 0.13 0.14 0.13 0.14 0.15 0.18 0.11 0.08 0.12 
NiO 0.46 0.46 0.46 0.46 0.46 0.44 0.44 0.45 0.46 0.46 0.45 0.45 0.46 0.46 0.43 0.47 0.46 0.46 0.44 
CoO 0.023 0.022 0.023 0.022 0.025 0.024 0.023 0.025 0.029 0.022 0.024 0.024 0.022 0.023 0.023 0.058 0.022 0.024 0.024 
Total 99.65 99.84 99.75 98.56 99.33 98.67 99.7 97.97 97.88 98.34 97.68 98.18 98.82 99.76 99.33 99.79 99.63 97.84 96.93 
Fo 92.86 92.79 92.87 92.75 92.48 92.04 92.17 92.43 91.59 92.39 91.67 92.16 92.68 92.50 92.45 92.32 92.70 92.55 92.10 
 

120 m
1) Eruption of initial
20 m flow, formation of
spinifex textured top
2) Eruption of 120 m
main flow, engulfment of
spinifex-textured top
20 m
